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A B S T R A C T   
Cadmium (Cd) is one of the most toxic environmental pollutants affecting the growth and reproduction of various 
plants. Analysis of the biological adaptation and tolerance mechanisms of the hyperaccumulator Erigeron annuus 
to Cd stress may help identify new plant species for phytoremediation and in optimizing the process. This study is 
to the first to analyze the molecular composition and diversity of dissolved organic matter (DOM) secreted by 
roots using FT-ICR MS, and multiple physiological and biochemical indexes of E. annuus seedlings grown in 
solutions containing 0–200 Cd μmol L− 1. The results showed that E. annuus had strong photosynthetic adaptation 
and protection ability under Cd stress. Cd was immobilized or compartmentalized by cell walls and vacuoles in 
the plant, thus alleviating Cd stress. Activation of anti-oxidation defense mechanisms also played an important 
role in alleviating or eliminating Cd toxicity in E. annuus. High Cd stress promoted production of a higher 
proportion of new molecules in DOM secreted by E. annuus roots compared to low Cd stress. DOM secreted by 
roots contributed to plant resistance to Cd-induced stress via producing more carbohydrates, aromatic structures 
and tannins. Results indicate the mechanisms underpinning the potential use of E. annuus as a phytoremediator 
in environments with moderate Cd pollution.   
1. Introduction 
Contamination of global soils by cadmium (Cd) has become 
increasingly widespread. Each year, about 3 × 104 t Cd enters the 
biosphere mainly from industrial and agricultural production activities 
(Annu et al., 2016; Sun et al., 2009; Xie et al., 2017). Cd is highly mobile, 
and may pose a potential hazard to plants, animals and human health 
through accumulation in the food chain (Han et al., 2018). Therefore, 
finding effective methods to remediate Cd-contaminated soil and reduce 
Cd damage to the environment is an ecological priority. 
Much attention has been focused on the development and applica-
tion of phytoremediation for the remediation and treatment of soil 
contaminated with potentially toxic elements (PTEs) as it is a low-cost 
and in-situ process (Zhu et al., 2019). Hyperaccumulator plants are 
the basis of phytoremediation, but, to date, the majority of the few plant 
species identified capable of Cd accumulation are slow growing, highly 
localized geographically and do not produce high biomass (Sun et al., 
2009). Accordingly, identification of new Cd-hyperaccumulators with 
more favorable characteristics is required to advance phytoremediation 
of Cd-contaminated soils. Erigeron annuus, an invasive plant originating 
from North America, has been identified as a Cd-hyperaccumulator at 
lead-zinc mining areas in China (Wang et al., 2010). E. annuus produces 
high biomass and has a strong tillering ability without showing obvious 
toxic symptoms when grown at high Cd concentrations (100 μmol L− 1) 
(Wang et al., 2010). However, the mechanisms of tolerance and detox-
ification of Cd by E. annuus are largely unknown, which greatly restricts 
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its application for phytoremediation of Cd-contaminated land. 
In order to alleviate the damage caused by Cd stress, plants have 
evolved a number of tolerance and detoxification mechanisms, 
including production of anti-oxidants, cell wall precipitation and vacu-
olar compartmentalization, Cd chelation and secretion of root organic 
matter (some secretions can combine with Cd2+, reducing the absorp-
tion of Cd by plants) (Pinto et al., 2008; Fu et al., 2011; Zhou et al., 
2015). The composition and quantity of plant root exudates can change 
considerably under PTE stress. Root exudates usually comprise low and 
high molecular weight compounds, yet previous studies of plant toler-
ance and detoxification mechanisms have mainly focused on the former 
(Bais et al., 2006; Pinto et al., 2008; Zhao and Wu, 2018). As a result, the 
overall molecular composition of dissolved organic matter (DOM) 
secreted by roots is unknown. The low concentration, high polarity and 
extreme complexity of this material make it difficult to obtain molecular 
level information using standard techniques. 
Recently, Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) at high magnetic fields (> 9 T) coupled with 
negative electrospray ionization (ESI) has proven to be advantageous in 
determining DOM composition in environmental samples (Yuan et al., 
2017), such as marine waters, fresh waters, Arctic soils and paddy soils 
(Seidel et al., 2015; Wagner et al., 2015; Chen et al., 2018; Li et al., 
2018). Due to its ultrahigh resolution and high mass accuracy, the exact 
molecular formulae of compounds in DOM can be determined, including 
those containing heteroatoms, e.g., nitrogen and sulfur (Hao et al., 
2018). Thus, ESI FT-ICR MS provides the capability to elucidate the 
composition of DOM released from the roots of PTE-stressed plants and 
hence potential mechanisms of root tolerance to PTEs. 
We used E. annuus as a model Cd hyperaccumulator to investigate its 
tolerance and detoxification mechanisms to Cd stress through physio-
logical and biochemical analysis. Specifically, the chemical composition 
of DOM secreted by roots was determined by ESI FT-ICR MS to inves-
tigate in detail the tolerance mechanisms under Cd stress. We examined 
the effectiveness of changes in molecular composition and diversity of 
DOM secreted by roots, coupled with anti-oxidation defense mecha-
nisms and compartmentalization of absorbed Cd, as mechanisms of 
tolerance and detoxification of Cd by E. annuus. To the best of our 
knowledge, this is the first study to comprehensively characterize the 
DOM secreted by roots, as well as to analyze changes in the molecular 
composition and diversity of DOM secreted by roots under different Cd 
concentrations. The results will help increase understanding of the 
tolerance and detoxification mechanisms of plants to PTEs and provide 
new directions for phytoremediation of PTE-contaminated soil. 
2. Materials and methods 
2.1. Plant culture and harvest 
Whole E. annuus plants with an aboveground height of ~10 cm were 
collected on 16 March 2018 from uncultivated land on the campus of 
Fujian Agricultural and Forestry University, Fuzhou, Fujian Province, 
China. Properties of the campus soil are shown in Supporting Informa-
tion S1. Plants were cleaned with tap water and pre-cultured for 3 days 
in ultrapure water (18.25 MΩ cm− 1). Afterwards, plants of similar size 
were transplanted and cultured in individual round plastic pots (15 cm 
diameter, 10 cm height) for 2 weeks with Hoagland nutrient solution, 
changed every 3 days. Plants with uniform size and intact roots were 
then selected and transferred into round plastic pots for exposure cul-
ture, where Cd (as CdCl2 solution) was added to Hoagland nutrient so-
lution at Cd concentrations of 0, 25, 50, 100, 200 μmol L− 1 
(corresponding to CdCl2 concentrations of 0, 29.2, 58.9, 115, 209 μmol 
L− 1). Culture conditions as detailed in Supporting Information S2. Each 
treatment was replicated 4 times, with 3 E. annuus plants per pot (i.e. 12 
plants in each treatment). 
The whole plants were harvested for analysis after 15 days of Cd 
exposure. The fresh weight of the whole plant and maximum lengths of 
the aboveground (tallest stem) and underground (longest root) parts 
were recorded. Next, the 12 plants in each treatment were divided into 3 
sub-samples to provide 3 replicate samples of each treatment. Plants 
were washed with tap water and roots were soaked in 20 mmol L− 1 Na2- 
EDTA for 15 min to remove Cd adsorbed on the root surface (Du et al., 
2011), then rinsed thoroughly in ultrapure water, blotted dry with tis-
sues to remove surface moisture, and divided into three parts: roots, 
stems and leaves. Sub-samples of roots, stems and leaves were frozen in 
liquid N2 and stored at − 80 ◦C for biochemical analyses. The remaining 
materials were oven-dried at 105 ºC for 30 min and then at 80 ◦C to 
constant mass. 
2.2. Measurement of chlorophyll fluorescence parameters 
The day before plant harvesting, chlorophyll fluorescence parame-
ters of E. annuus leaves under different Cd concentrations were deter-
mined as detailed in Supporting Information S3. 
2.3. Determination of bulk and subcellular fractions of Cd 
Sub-samples of dried roots, stems and leaves were weighed (0.2 g), 
ground to a fine powder, and digested with acid solution containing 8 
mL HNO3 and 2 mL HClO4 (4:1, v/v) at 200 ◦C until the solution became 
clear. Then, the digested samples were made up to 25 mL with 1% HNO3 
solution and filtered through a 0.45 µm filtration membrane. The con-
centrations of Cd in the digests were determined by ICP-OES (Optima 
8000, PerkinElmer, USA). The subcellular fractions of Cd in roots, stems 
and leaves of E. annuus (frozen in liquid N2 as described in Section 2.1) 
were extracted for the 0, 25 and 200 μmol L− 1 Cd treatments, following 
the method of Zhou et al. (2017) using differential centrifugation with 
some modification. Cadmium concentrations were determined in digests 
of these subcellular fractions using the same procedures as described 
above. Details of methods and quality control are provided in Support-
ing Information S4. 
2.4. Assessment of plant ultrastructure by transmission electron 
microscopy and energy dispersive X-ray analysis 
Samples of fresh root tips (1–3 cm in length) and leaf Sections (1–3 
cm) from the middle section of the third leaf from the stem top of 
E. annuus exposed to 0, 25 and 200 μmol L− 1 Cd for 15 days were 
selected for TEM-EDS analysis (details in Supporting Information S5). 
2.5. Analysis of lipid peroxidation, antioxidant enzyme activities and root 
plasma membrane integrity 
Fresh leaf and root samples (0.2 g fresh weight) were homogenized 
and centrifuged to obtain supernatant, used to determine lipid peroxi-
dation and superoxide dismutase (SOD), catalase (CAT), peroxidase 
(POD) activities. Lipid peroxidation was determined according to 
Yamamoto et al. (2001) and Islam et al. (2008) with minor modification, 
using a thiobarbituric acid (TBA) assay to measure the concentration of 
malondialdehyde (MDA), an end product of lipid peroxidation. The 
activities of SOD, POD and CAT were determined following the method 
of Gupta et al. (2010), Zhou et al. (2017), and Islam et al. (2008), 
respectively. During harvesting, roots (2 cm) of plants from each treat-
ment were stained with Evans blue solution [0.025% (w/v) Evans blue 
in 100 μmol L− 1 CaCl2 (pH 5.6)] for 30 min for histochemical detection 
of loss in plasma membrane integrity in root apices of E. annuus 
(Yamamoto et al., 2001). Details of the methods are provided in Sup-
porting Information S6. 
2.6. Assay of non-enzymatic physiological features 
Concentrations of proline, non-protein thiols (NPT) and reduced 
glutathione (GSH) were measured in fresh leaf and root samples using 
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the methods of Bates et al. (1973), Zhou et al. (2015) and Hissin and Hilf 
(1976) with some modifications (details in Supporting Information S7). 
Phytochelatin (PC) concentration was estimated by subtracting the GSH 
concentration from the NPT concentration. 
2.7. Collection of root exudates and FT-ICR MS analysis 
After harvesting the plants, the nutrient solution in the pots for the 0, 
25, and 200 μmol L− 1 Cd treatments was transferred separately to a 500 
mL glass beaker, filtered through a 0.45 µm membrane, and the filtrate 
stored at 4 ◦C for 1 day before FT-ICR MS analysis. In preparation for FT- 
ICR MS analysis, 200 mL filtered sample was acidified with HCl to pH 2, 
before passing through an activated solid phase extraction column 
(Agilent Bond Elut PPL cartridges), previously rinsed with pure meth-
anol and acidified Milli-Q water (pH 2). After extraction, the cartridges 
were completely dried with ultrapure N2 gas, and DOM was immediately 
eluted with LC-MS grade methanol (10 mL). The DOM samples were 
diluted with methanol to produce a 0.2 mg mL− 1 solution (Yuan et al., 
2017). All extracted DOM samples were analyzed using a Bruker Apex 
ultra FT-ICR MS equipped with a 9.4 T superconducting magnet. The 
prepared solutions were directly injected into the electrospray ioniza-
tion (ESI) source at a rate of 180 μL h− 1 using a syringe pump. The ESI 
charge can preferentially ionize polar heteroatom compounds (e.g. ni-
trogen and sulfur) in the presence of hydrocarbons. Here, negative ESI 
mode was used as it favors detection of molecules with acidic functional 
groups that deprotonate, such as carboxylic acids, and thus is the mode 
commonly used in studies of natural organic matter (e.g. Yuan et al., 
2017; Li et al., 2018). Conditions for negative-ion formation typically 
consisted of 4.0 kV spray shield voltage, 4.5 kV capillary voltage and −
320 V capillary column end voltage. The mass range was set at m/z 
100–800. For improving the signal-to-noise ratio and dynamic range, 
the data size was set to 4 M words, and 128 scan FT-ICR data sets were 
accumulated (Hao et al., 2018). Detailed information on mass calibra-
tion, data acquisition and processing of FT-ICR MS have been reported 
previously (Lv et al., 2016; Yuan et al., 2017). 
2.8. Statistical analysis 
All data are reported as mean values ± standard deviation (SD) of 
three replicate samples for each treatment as explained earlier, apart 
from the FT-ICR MS analysis results for the root exudate DOM (n = 1). 
With the exception of the root exudate DOM data, significant differences 
between data from different Cd treatments were analyzed by one-way 
Analysis of Variance (ANOVA), with multiple comparisons among the 
treatment mean values conducted using Least Significant Difference 
(LSD) tests. All analyses were conducted with SPSS version 19.0 for 
Windows, and the significance level used was p < 0.05. 
3. Results and discussion 
3.1. Plant growth and leaf chlorophyll fluorescence characteristics 
Plant growth of E. annuus was normal at Cd concentrations ≤ 50 
μmol L− 1. However, visual root browning and leaf wilting were observed 
at Cd concentrations ≥ 100 μmol L− 1 (Table S2). Maximum plant height 
and fresh weight of E. annuus occurred in the 25 μmol L− 1 Cd treatment, 
and then decreased with increasing Cd concentrations, while maximum 
root length increased with increasing Cd exposure (Table S2). These 
results indicated that exposure to Cd could enhance the growth of 
E. annuus at low concentration (≤ 25 μmol L− 1), but slightly inhibit 
growth at high Cd concentration (≥ 100 μmol L− 1). 
Chlorophyll fluorescence parameters FM and F0 were highest at 0 and 
25 μmol L− 1 Cd, and then decreased significantly with increasing Cd 
concentration (Fig. 1a, b), indicating that the electron transmission of 
E. annuus leaves decreased at the lowest Cd exposure concentration, 
whilst the photo-protection mechanism was activated at Cd concentra-
tions ≥ 50 μmol L− 1 (Demmig et al., 1987; Ekmekçi et al., 2008). Usu-
ally, FV/FM is constant under non-stressed conditions and decreases 
under stressed conditions (Heraud and Beardall, 2000). In this study 
there was no significant difference (p > 0.05) in FV/FM between the 
control and Cd treatments (Fig. 1c), indicating no significant change in 
Fig. 1. Chlorophyll fluorescence parameters in leaves of E. annuus grown in solutions of different Cd concentrations for 15 days. (a) Maximum fluorescence (FM). (b) 
Minimum fluorescence (F0). (c) Maximum quantum yield of PSII (FV/FM). (d) Non-photochemical quenching coefficient (NPQ). The data represent the mean ± S.D. of 
three replicates. Different letters above the bars indicate significant differences among treatments at p < 0.05 level according to the LSD test. 
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conversion efficiency of light energy in E. annuus leaves exposed to Cd. 
These results differ from those of Ekmekçi et al. (2008), who reported 
that FV/FM decreased significantly in leaves of two maize cultivars due to 
Cd exposure. In our study, the non-photochemical quenching coefficient 
(NPQ) increased significantly (p < 0.05) compared to the control with 
increasing Cd concentration up to the 50 μmol L− 1 Cd treatment and 
then stabilized at higher values in the 100 and 200 μmol L− 1 Cd treat-
ments (Fig. 1d). This indicates that the non-photochemical quenching of 
maximal chlorophyll fluorescence was increased initially by Cd stress, 
which allowed excessive heat energy within the photosystems to dissi-
pate, protecting the photosynthetic structures from photo-oxidation 
damage caused by Cd stress (Yuan et al., 2014; Zhao et al., 2018), but 
that this response may only be activated up to a certain stress threshold. 
A similar pattern of NPQ response to increasing Cd stress was reported 
by Huang et al. (2017) for tall fescue grass, which has also shown po-
tential for phytoremediation of soils contaminated with potentially toxic 
elements. NPQ values in tall fescue seedlings increased significantly 
compared to the control for the lowest Cd treatment (1 mg L− 1 Cd ≈ 8.9 
μmol L− 1 Cd), then stabilized at the 44.5 and 444 μmol L− 1 treatments, 
before increasing again in the highest Cd treatment (1334 μmol L− 1 Cd). 
In contrast, NPQ values did not change significantly compared to the 
control treatment in seedlings of two maize cultivars watered with 
nutrient solution containing up to 300, 600 and 900 μmol L− 1 Cd 
(Ekmekçi et al., 2008). This difference could be because the threshold 
for response to Cd stress was exceeded in all the relatively high Cd 
concentrations used in the latter experiment, or be due to physiological 
differences between different plants. Overall, the changes measured in 
chlorophyll fluorescence parameters indicated that E. annuus has strong 
photosynthetic adaptation and protection ability under Cd stress. 
3.2. Cd accumulation and distribution in whole plant tissues and 
subcellular fractions 
Cd concentration in the roots, stems, and leaves of E. annuus 
increased significantly with increasing Cd exposure (Table 1) as re-
ported for other plants, e.g. C. canadensis (Zhou et al., 2015). When the 
Cd exposure concentration was ≤ 50 μmol L− 1, the Cd concentration in 
plant tissues was in the order: roots > leaves > stems, whilst at higher Cd 
exposure concentrations the stems contained higher Cd concentrations 
than the leaves. Greater Cd accumulation occurred in roots than in 
leaves and stems, which is attributed to mechanisms that prevent the 
transfer of PTEs from the plant root to the aboveground parts, such as 
interception in the root endodermis, particularly by the casparian strip 
(Zhou et al., 2017). Root Cd concentrations increased markedly between 
the 50 and 100 μmol L− 1 Cd exposure concentrations, but then stabi-
lized in the 200 μmol L− 1 Cd treatment. Similar patterns between root 
Cd concentration and Cd exposure have been reported for different 
plants grown in Cd-contaminated soil (Sun et al., 2009; Zhou et al., 
2015). We suggest that it could be caused by a combination of enhanced 
Cd uptake at higher exposure concentrations when plant defense 
mechanisms may be overwhelmed and stunting of plant growth due to 
the increasingly toxic effects of Cd (as evident in the images of E. annuus 
in the current study in Table S2). 
The subcellular distribution of Cd in E. annuus roots, stems and 
leaves, is shown in Fig. 2. Overall, the Cd content in the different sub-
cellular fractions increased with increasing Cd concentration, particu-
larly in the plants treated with 200 μmol L− 1. In roots and leaves of 
E. annuus Cd was contained predominantly in the cell wall, followed by 
soluble constituents, whilst the order was reversed in stems. As the outer 
tissue structure of plant cells, the cell wall of roots is the first barrier to 
protect cell protoplasts from PTEs. It is composed mainly of cellulose, 
hemicellulose, pectin and protein, providing a variety of negatively 
charged organic groups (Fu et al., 2011). These can effectively bind Cd 
ions and prevent them from entering into the cells, thus reducing the 
impact on plant cells. In this study, most of the accumulated Cd was 
stored in the cell walls of both leaves and roots of E. annuus (Fig. 2), 
suggesting that the cell wall plays a significant role in Cd tolerance of 
plants. In contrast, in Phytolacca americana L. the largest proportion of 
Cd (53.7–68.3%) was reported in the soluble subcellular fraction in roots 
and leaves (Fu et al., 2011). Similarly, we showed that Cd was primarily 
concentrated in the soluble constituents (including vacuoles and cyto-
plasm) in stems of E. annuus, indicating that Cd ions were transferred 
into vacuoles for storage. Vacuoles contain organic acids, alkaloids and 
Table 1 
Concentrations of Cd (mg kg− 1) in the root, stem and leaf compartments of 
Erigeron annuus after exposure to different Cd concentrations for 15 d. Data in 
the same column followed by different letters indicate significant differences 
among treatments at p < 0.05 level according to the LSD test. Values are 
means ± standard deviation (n = 3).  
Cd exposure concentrations 
(µmol L− 1) 
Cd concentration in plant tissue compartments 
(mg kg− 1) 
Root Stem Leaf  
0 0.10 ± 0.26a 0.44 ± 0.21a 1.46 ± 0.63a  
25 17.0 ± 4.34ab 3.03 ± 0.22a 6.12 ± 0.84a  
50 33.3 ± 13.0b 20.2 ± 0.94ab 15.2 ± 4.37b  
100 174 ± 7.09c 68.7 ± 38.5b 36.9 ± 3.34c  
200 197 ± 3.90c 100 ± 46.5c 78.3 ± 3.97d  
Fig. 2. Subcellular distribution of Cd (mg kg− 1, fresh weight) in (a) root, (b) 
stem and (c) leaf compartments of E. annuus exposed to 0, 25 and 200 μmol L− 1 
Cd for 15 days. The data represent the mean ± S.D. of independent leaves, one 
on each of three separate plants in each treatment. Different letters in the same 
fraction indicate significant differences among treatments at p < 0.05 level 
according to the LSD test. Note different y-axis scales. 
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proteins, which can form chelate complexes with Cd ions and alleviate 
the toxic effects of Cd on plants, and therefore form a secondary barrier 
to protect plant cell protoplasts from PTEs (Verkleij et al., 1990). 
3.3. Effect of Cd on plant ultrastructure 
Ultrastructural observations on root meristematic cells of E. annuus 
grown in the control conditions without Cd showed that these cells had 
abundant cytoplasm and were filled with numerous organelles without 
any obvious damage (Fig. 3a, panel a and b). Cells possessed clear, 
smooth and continuous walls and membranes. Under the 25 and 
200 μmol L− 1 Cd treatments, the root meristematic cells exhibited ul-
trastructural changes compared to the control (Fig. 3a, panel c-f), such 
as increased vacuolation, swollen mitochondria, damaged membranes 
and loose cell wall structure, and the effects increased with increasing 
Cd concentrations. In addition, we observed black precipitates in 
intercellular spaces, on the inner and outer sides of cell walls and inside 
cell vacuoles (Fig. 3a, panel d and f). EDS analysis of these black pre-
cipitates revealed that they contained Cd, C, O and Cl (Fig. S1). 
Transmission electron micrographs of the leaf mesophyll cells of 
E. annuus are shown in Fig. 3b. In the control, chloroplasts were 
ellipsoidal-shaped with intact chloroplast membranes and the thylakoid 
membranes of the stroma and grana exhibited a regular arrangement 
(Fig. 3b, panel a and b). There were few starch grains and osmophilic 
granules in the chloroplasts. In treatments with lower Cd concentrations, 
the chloroplast shape changed very slightly with clear and regular 
thylakoid membranes (Fig. 3b, panel c and d). Under the 200 μmol L− 1 
Cd treatment, abnormal-shaped chloroplasts with severe internal 
structural distortion were observed. Some had an irregular outline, and 
the thylakoid membranes were disordered or dissolved. Moreover, the 
intercellular space was enlarged (Fig. 3b, panel e and f) and the black 
precipitates in the cells and vacuoles contained Cd (Fig. S2). 
These results indicated that Cd was deposited in cell walls, inter-
cellular spaces and vacuoles of Cd-exposed E. annuus, resulting in 
damage to mitochondria, chloroplasts and membrane systems. In 
agreement with the results obtained from the analyses of subcellular 
fractions (Fig. 2), the ultrastructural analysis confirmed that the root cell 
wall and root and leaf vacuoles were the main reservoirs for Cd and 
played an important role in plant tolerance to Cd. 
3.4. Effect of Cd on membrane integrity and the antioxidant defense 
system 
Evan’s blue staining analysis revealed that root tips were more 
strongly stained with increasing Cd concentration (Fig. S3), indicating a 
loss of plasma membrane integrity under Cd stress. Similarly, the 
malondialdehyde (MDA) concentration in leaves and roots was signifi-
cantly higher compared with the control in the 200 μmol L− 1 Cd treat-
ment and also for the roots exposed to 100 μmol L− 1 Cd (Fig. 4a), 
indicating damage to cell membranes and lipid peroxidation. MDA is a 
general indicator of the extent of lipid peroxidation initiated by oxida-
tive stress (Monteiro et al., 2009), and is produced from the reaction 
between free radicals and polyunsaturated fatty acids in 
bio-membranes, which is involved in generating HO2− . HO2− is a much 
stronger oxidant than superoxide anion radicals and can induce the 
chain oxidation of polyunsaturated phospholipids, thus resulting in 
impairment of membrane function (Zhou et al., 2017). In the present 
study, MDA concentrations in E. annuus were much greater in roots than 
in leaves in all treatments (Fig. 4a), indicating that cell membrane 
damage and lipid peroxidation affected roots of E. annuus more than 
leaves. 
Increased activity of antioxidant enzymes, such as SOD, CAT, and 
POD, is considered to play an important metabolic role in the cellular 
defense strategy against oxidative stress caused by PTE exposure (Van 
Assche and Clijsters, 1990). In this study, both SOD and CAT activities 
showed the same trends, with the maximum activity in roots occurring 
at 50 μmol L− 1 Cd followed by a decrease with increasing Cd concen-
tration, whilst in leaves the maximum occurred at 100 μmol L− 1 Cd 
(Fig. 4b and c). In contrast, the activity of POD in roots initially 
increased before declining sharply with increasing Cd concentration, 
while POD activity in leaves increased up to the 50 μmol L− 1 Cd treat-
ment and then remained stable (Fig. 4d). 
Fig. 3. Transmission electron micrographs of 
(a) root and (b) leaf meristematic cells from 
E. annuus exposed to (panel a and b) 0, (panel c 
and d) 25 and (panel e and f) 200 μmol L− 1 Cd 
for 15 days, respectively. Labels: CW, cell wall; 
CM, cell membrane; NU, nucleus; NUE, nucle-
olus; V, vacuole; IS, intercellular space; SG, 
starch grain; M, mitochondria; CH, chloroplast; 
OP, osmiophilic particle; ER, endoplasmic re-
ticulum; R, ribosome. Black precipitates in the 
boxes outlined in red in a (panel d and f) and b 
(panel d and f) were shown by EDS analysis to 
contain Cd. (For interpretation of the references 
to color in this figure legend, the reader is 
referred to the web version of this article.)   
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The increase in SOD activity at lower Cd concentrations (Fig. 4b) 
may be a result of the production of O2•− , which stimulates SOD activity. 
However, SOD activity decreased significantly at higher Cd concentra-
tions, which might be due to oxidative damage of antioxidant enzymes, 
thereby reducing their activities (Islam et al., 2008). The activities of 
SOD and CAT in leaves (Fig. 4b and c) exceeded those in roots at higher 
Cd concentrations, indicating that SOD and CAT may play a more 
important role in Cd detoxification in leaves of E. annuus. Conversely, 
the higher activity of POD in roots compared to leaves (Fig. 4d) implies 
that POD played a more important role in detoxification in E. annuus 
roots. 
Non-enzymatic antioxidants are another strategy for plants to cope 
with PTE stress, and include non-protein thiols (NPT), glutathione 
(GSH), phytochelatins (PCs) and proline (Gill and Tuteja, 2010). With 
increasing Cd concentration, NPT, GSH, and PCs concentrations in roots 
and leaves of E. annuus first increased significantly compared to the 
control, to maximum values in the 100 μmol L− 1 Cd treatment, and then 
decreased (Fig. 4e-g). The exception to this pattern was GSH concen-
trations in leaves, which increased significantly only in the highest Cd 
treatments (Fig. 4f). The proline concentration in the roots increased 
significantly compared to the control with increasing Cd concentration 
and in all Cd treatments, while that in leaves was only significantly 
higher compared to the control in ≥ 100 μmol L− 1 Cd treatments 
(Fig. 4h). 
GSH and PCs are important components of NPT, and increasing NPT 
induces synthesis of all or some of these constituents, which play an 
important role in PTE detoxification processes in plants (Gupta et al., 
2010; Zhou et al., 2015). In previous studies, increased NPT concen-
trations have been associated with enhanced S assimilation due to the 
over-expression of genes responsible for this process and the active 
participation of NPT in the detoxification of Cd (Namdjoyan et al., 2012; 
Zhou et al., 2015). GSH is a direct precursor in PC synthesis, considered 
the most important intracellular defense against ROS-induced oxidative 
damage (Gill and Tuteja, 2010). We found significantly higher GSH 
concentrations in roots and leaves of E. annuus exposed to 50 and 
100 μmol L− 1 Cd concentrations compared to the control (Fig. 4f), 
which may be attributed to enhanced GSH production to maintain 
increased PC synthesis in Cd stressed plants, as previously demonstrated 
by Rüegsegger et al. (1990). In the present study, PCs concentrations in 
roots and leaves were significantly higher than the control in all Cd 
treatments (apart from leaves at 200 μmol L− 1 Cd) (Fig. 4g), indicating 
that E. annuus increases PC synthesis to reduce Cd toxicity. 
Our results suggest that different tissues of E. annuus resist Cd stress 
by inducing the synthesis of different non-enzymatic antioxidants. It had 
been reported that PC was relatively more important in roots, while GSH 
appeared to be more important in leaves (Estrella-Gómez et al., 2012). 
In contrast, we found that GSH played a more significant role in root 
detoxification, while PCs concentrations were greater in leaves 
Fig. 4. (a) Malondialdehyde (MDA) concen-
tration (for assessing lipid peroxidation), (b) 
superoxide dismutase (SOD), (c) catalase 
(CAT), (d) peroxidase (POD) activities, (e) non- 
protein thiols (NPT), (f) glutathione (GSH), (g) 
phytochelatins (PCs) and (h) proline concen-
trations in leaf and root compartments of 
E. annuus grown in solutions of different Cd 
concentrations for 15 d. The data represent the 
mean ± S.D. of three independent replicates. 
Different letters above the bars indicate signif-
icant differences among treatments at p < 0.05 
level according to the LSD test for leaf/root 
compartments separately.   
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compared to roots of E. annuus. As well as being an osmolyte, proline is 
now considered a non-enzymatic antioxidant that microbes and plants 
require to mitigate the adverse effects of ROS (Gill and Tuteja, 2010). In 
the present study, we found that Cd stress leads to a rapid accumulation 
of proline in E. annuus, particularly in leaves (Fig. 4h). This indicates 
that plants can reduce unfavorable effects of Cd stress by accumulating 
proline (Yang et al., 2009), but the possible metabolic pathways leading 
to Cd-induced proline accumulation are still to be identified. 
3.5. Detoxification mechanisms by DOM from root secretion 
To investigate the relationship between DOM secreted by roots of 
E. annuus and Cd detoxification, FT-ICR MS was used to identify the 
chemical constituents of this DOM. The majority of molecules in the 
liquid phase had masses of 150–600 m/z. Peak relative abundance of 
low molecular weight compounds in the range 300–350 m/z was highest 
for the 25 μmol L− 1 Cd treatment and suppressed in plants exposed to 
the 200 μmol L− 1 Cd treatment (Fig. S4a). The carbon number of root 
exudate DOM was shifted to lower values for the plants exposed to Cd 
(Fig. S4b), indicating that Cd stress may promote secretion by roots of 
DOM constituents with lower carbon numbers (Zhu et al., 2019). The 
opposite pattern was observed for the relative abundance of Ox com-
pounds. Root exudate DOM from the control contained mainly O3 
compounds, while that from plants exposed to 25 and 200 μmol L− 1 Cd 
contained mainly O5 and O6 compounds and O7 and O8 compounds, 
respectively (Fig. S4c), indicating that Cd stress promoted oxygen 
enrichment of DOM secreted by roots to a small degree. 
Examining plots of DBE versus carbon numbers for control (CK) 
versus 25 μmol L− 1 Cd-treated samples (Fig. 5a) and control versus 
200 μmol L− 1 Cd-treated samples (Fig. 5b) suggests that most of the 
disappeared molecules had a higher carbon number than the produced 
molecules, which could indicate that Cd can catalytically degrade 
compounds with a high carbon number to produce compounds with 
lower carbon numbers, as also reported in Rhus chinensis plants grown in 
Pb-contaminated soil (Zhu et al., 2019). The major subcategories of root 
exudate DOM in samples from all treatments were CHO, CHON, CHOS, 
and CHONS compounds, of varying proportions (Fig. 5c). CHO com-
pounds accounted for the largest proportion in DOM in all samples. The 
relative proportions of CHON compounds decreased and CHOS and 
CHONS compounds increased in the 25 μmol L− 1 Cd treatment, while 
CHON and CHONS compounds increased in the 200 μmol L− 1 Cd 
treatment compared with the control. The weighted average N value 
increased with increasing Cd concentration, whilst the 
intensity-weighted average S value increased from 0.23 for CK to 0.29 
for Cd-25, and then decreased to 0.22 (Table S3). These results suggest a 
dose response relationship in production/release of N-containing com-
pounds in E. annuus under Cd stress, whilst for S-containing compounds 
there is increased production/release under low Cd stress conditions 
which then stabilized in the higher Cd treatment examined in our study. 
The major classes of DOM in samples from all three treatments were 
lignins/carboxylic rich alicyclic molecules (CRAM)-like structures, ali-
phatic/proteins and tannins, of which CRAM-like structures were the 
most abundant compound (Fig. 5d). 
To further understand the molecular basis of detoxification mecha-
nisms for Cd in roots of E. annuus, we assessed the molecular formulae 
and changes of DOM elemental compositions and biochemical classes 
between root exudate from the control and each of the 25 and 
200 μmol L− 1 Cd treatments. Unique CK formulae represent compounds 
that disappeared under Cd stress, whereas unique formulae identified in 
Cd-25/Cd-200 samples are newly produced molecules, and the common 
formulae represent DOM molecules that remained after exposure to Cd. 
The van Krevelen diagrams were divided into regions (Table S4) cor-
responding to six distinct biochemical classes of compounds identified in 
DOM of natural organic matter by Yuan et al. (2017). It is noted that this 
approach and the interpretations drawn from it are qualitative, since the 
compound classifications are generalizations, FT-ICR MS does not pro-
vide structural information that can help understand the biochemical 
processes and effects of the molecules identified, and also the FT-ICR MS 
Fig. 5. (a) Double bond equivalent (DBE) versus carbon number in root exudate DOM of E. annuus grown for 15 d in the sample exposed to 25 compared to 
0 μmol L− 1 Cd, (b) DBE versus carbon number in root DOM of E. annuus grown for 15 d in the sample exposed to 200 compared to 0 μmol L− 1 Cd. Bar charts show (c) 
the % relative contribution of the major subcategories and (d) major classes in the CK, Cd-25 and Cd-200 samples. 
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analyses were not conducted on replicate samples from the different Cd 
treatments. Nevertheless, our interpretations can help in suggesting 
tentative mechanisms that may be investigated in future, more-targeted 
experiments. 
The van Krevelen diagram comparing the samples from the control 
and 25 μmol L− 1 Cd treatment (Fig. 6a, c) showed that lignins/CRAM- 
like structures (label 3) were the most abundant and refractory com-
pounds, followed by aliphatic/proteins (label 2) and lipids (label 1). 
Tannins (label 6), aromatic structures (label 5) and carbohydrates (label 
4) were the most-susceptible DOM compounds to decomposition in the 
25 μmol L− 1 Cd stressed samples (Fig. 6c). The weighted average double 
bond equivalent (DBE) value decreased from 5.86 for CK to 4.84 for Cd- 
25 (Table S3), indicating degradation of compounds with aromatic 
structures to produce more aliphatic compounds under low Cd stress 
(Zhu et al., 2019). CRAM-structures comprise the majority of 
carbonyl-containing species with isolated, aliphatic ketones and several 
carboxyl groups. In contrast, lignin is a complex, high molecular weight 
biopolymer that contains reducible groups, and is composed of phe-
nylpropanoids, primarily linked by ethers (Yuan et al., 2017). Alipha-
tic/proteins and lipids are compounds containing negatively charged 
organic groups, such as amino, thiol, hydroxyl and carboxyl groups 
(Kranthi et al., 2018). These groups can effectively bind heavy metal 
cations to form precipitates (Haynes, 1980), thus reducing Cd2+ entry 
into root cells of E. annuus. Grouping the DOM molecules based on their 
elemental composition (Fig. 6d), further demonstrated that low Cd stress 
promoted an increase in S-containing compounds. 
Comparison of the molecular formulae and changes of DOM 
elemental compositions and biochemical classes between root exudate 
DOM from the control and 200 μmol L− 1 Cd treatments (Fig. 6e-g), 
revealed that lignins/CRAM-like structures (label 3) were the most 
abundant and refractory compounds, followed by aliphatic/proteins 
(label 2), tannins (label 6) and lipids (label 1). Aromatic structures (label 
5) and lipids (label 1) were the most-susceptible DOM compounds to 
decomposition in the 200 μmol L− 1 Cd-exposed samples. Interestingly, 
higher proportions of aliphatic/proteins (label 2), carbohydrates (label 
4), aromatic structures (label 5) and tannins (label 6) in root exudate 
DOM were newly produced in the 200 compared to the 25 μmol L− 1 Cd 
treatment. (Fig. 6g). Carbohydrates are polyhydroxy aldehydes or ke-
tones whose hydroxyl functional groups interact with PTEs to gradually 
adsorb Cd2+ in solution (Kranthi et al., 2018). Aromatic structures 
contain a large number of carboxylic, carbonyl, hydroxyl, and ester 
groups, which play an important role in the adsorption of PTE ions (Zhao 
et al., 2019). In addition, tannins can be used as hydrogen donors to 
release hydrogen and combine with free radicals in the environment, 
preventing free radicals from causing oxidative damage to plants (Kraus 
et al., 2003). Based on this, we suggest that the production of carbo-
hydrates, aromatic structures and tannins in DOM secreted by roots is an 
important Cd tolerance mechanism in E. annuus. 
There are more disappeared than newly produced molecules in DOM 
from the 25 μmol L− 1 Cd treatment compared to the control (Fig. 6b), 
whilst the opposite occurs for the 200 μmol L− 1 Cd treatment compared 
to the control (Fig. 6f). The higher proportion of newly produced mol-
ecules in the Cd-200 treatment (10.6%) compared to the Cd-25 treat-
ment (4.95%), indicates that root DOM of E. annuus has more active 
detoxification mechanisms under higher Cd stress. 
4. Conclusions 
This study indicated for the first time that DOM secreted by plant 
roots was involved in the resistance of plants to Cd-induced stress. This 
finding significantly increases our understanding of the mechanisms 
involved in metal tolerance and detoxification by plants. The stable 
existence of lignins/CRAM-like structures, aliphatic/proteins and lipids 
in DOM secreted by roots enhanced the ability of E. annuus to tolerate Cd 
stress. Carbohydrates, aromatic structures and tannins also played an 
important role in plant tolerance to high Cd stress. Whilst this study 
focused primarily on the composition of root exudate DOM, there are 
other known (e.g. precipitation of PTEs in plaques on root surfaces) and 
unknown tolerance and detoxification mechanisms of plants to Cd stress. 
Further research on the morphology and transport mechanism of Cd in 
plants, as well as the molecular mechanisms of its detoxification is 
essential. This study investigated one plant species, grown in solution 
rather than soil, and exposed to Cd for only 15 days. Further research 
should apply the same techniques to other PTEs and hyperaccumulators 
Fig. 6. Identification and comparison of molecules in root exudate DOM of E. annuus grown for 15 d in the sample exposed to 25/200 compared to 0 μmol L− 1 Cd (CK 
– control). (a) van Krevelen diagram showing DOM formulae uniquely identified in CK (pink squares), formulae common to both CK and Cd-25 (blue circles), and 
formulae unique to Cd-25 (green triangles). Areas with numbers indicate different classes of identified DOM formulae: 1, lipids; 2, aliphatic/proteins; 3, lignins/ 
carboxylic rich alicyclic molecules (CRAM)-like structures; 4, carbohydrates; 5, aromatic structures; and 6, tannins. (b) Percentages of DOM formulae identified only 
in CK (pink), common (blue) in CK and Cd-25, and only in Cd-25 (green). (c) and (g) Bar charts showing the percentages of identified DOM formulae by biochemical 
classes defined in panel (a)/(e). The number of DOM molecules in each biochemical class is shown on the x-axis. (d) and (h) Bar charts showing percentages of 
identified DOM formulae by elemental groups; the number of formulae identified in each group is shown on the x-axis. (e) van Krevelen diagram showing unique 
DOM formulae identified in CK (pink squares), formulae common to CK and Cd-200 (blue circles), and unique formulae in Cd-200 (green triangles). The numbers 
indicate different classes of identified DOM formulae as explained above. (f) Percentages of DOM formulae identified only in CK (pink), common (blue) in CK and Cd- 
200, and only in Cd-200 (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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grown in soil during longer field experiments. 
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